The rate constant for free fatty acid influx (kl) was studied in normal and ischemic myocardium.
20`TI defects in postinfarction images corresponded with the size of the area with reduced kl* observed in preinfarction scintigrams. Revascularization led to an increase of 20`TI uptake and to normalization of kl*. (Circulation 1988; 78:1218 -1233 F atty acids are transported to the heart by blood as albumin-bound fatty acids or as triglycerides complexed to hydrophobic lipoproteins.1 Triglycerides are hydrolyzed at the surface of the endothelial cells. 12 Monomeric fatty acids are efficiently taken up by the myocardium, revealing a single-pass extraction rate of 40% in the resting heart. 13, 4 Although fatty acids are the major energy source of the myocardium,56 little is known about their cellular uptake mechanism. The hypothesis of a passive diffusional process was recently challenged.7 8 Influx of fatty acids into isolated rat cardiomyo-cytes was shown to reveal criteria of a carrierdependent system and is mediated by a specific 40 -kDa membrane protein. 7 This membrane transport protein is different from the 12-kDa cytosolic fatty acid-binding protein, which may serve in the distribution of internalized fatty acids to the various intracellular lipid pools and pathways. 9 The identification of a membrane fatty acid transporter is of physiological significance because it might represent a site of metabolic control of fatty acid uptake according to the energy requirements of the heart. Therefore, it was of potential interest to elucidate whether myocardial fatty acid uptake in humans reveals criteria of a facilitated diffusional process and whether this transport competence is altered under pathological conditions. For such in vivo metabolic studies, a radioiodinated phenyl fatty acid, 15 -(p-'231-iodophenyl)-pentadecanoic acid (IPPA) was used, which in previous studies has been shown to be analogous to the physiological serum fatty acids. 101 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] This study examined whether myocardial fatty acid uptake follows saturation kinetics with increasing plasma free fatty acid concentrations (criterion of carrier-mediated transport) and how the fatty acid uptake pattern is altered in ischemic regions of the myocardium. For evaluating the clinical significance of such studies, we also analyzed whether areas of reduced fatty acid extraction in coronary artery disease indicate a potential region of risk for a myocardial infarction.
Subjects and Methods Subject Population
Control subjects were 15 individuals without risk factors, with normal coronary arteries (as demonstrated by coronary angiography), normal wall motion, and no abnormal findings in echocardiography or in electrocardiography. Either these subjects were examined for social medical indications or they were finally found to have, for example, esophagitis or chest pain originating from thoracic nerves, nerve roots, or spinal cord. Each subject was examined by a physician, and informed consent was obtained for the radionuclide study. The study has been conducted according to a protocol approved by the Committee on Ethics of Human Investigation of the Heart Center North-Rhine Westphalia, Bad Oeynhausen, FRG. During clinical study, 30 patients with coronary artery disease were examined. All patients underwent selective coronary and left ventricular biplane cineangiography. Coronary angiograms were reviewed by at least two experienced angiographers, and the maximal luminal narrowing for each major coronary artery was estimated visually and classified by consensus. Only patients with a lesion of at least 80% diameter narrowing (on visual assessment of coronary arteriograms) were selected for the investigations of the free fatty acid uptake under ischemic conditions. A myocardial segment was regardedjeopardized when it showed eukinesia or hypokinesia of and being supplied by a severely stenotic major coronary artery. In 10 of these patients, the study was repeated after percutaneous transluminal coronary angioplasty (PTCA). In three patients, the measurement was repeated after myocardial infarction. Each patient gave written, informed consent.
Study Protocol
All subjects fasted for at least 14 hours before the start of the study to enhance myocardial free fatty acid utilization and to standardize study conditions.
Control Group
In control subjects, the studies were carried out under exercise and at rest conditions. Each study began by measurement under exercise conditions, and 4 hours later, the study was repeated at rest conditions. This protocol enables the background correction to be carried out by the second examination.
In exercise studies, upright bicycle ergometry was performed by stepwise increase of the workload (25 W for each step) and was terminated in case of exhaustion. The duration of one workload step was 1 minute. At maximum exercise level, 1 mCi 20`T1 and 2 mCi IPPA were injected simultaneously followed by a 10-cc saline flush by an intravenous cannula inserted before the start of the study. Exercise was continued for 60 seconds. During the indicator application, a dynamic dualisotope study at a frame rate of 1 frame/min at a left anterior oblique angle (LAO) of 300 was started.
Total collection period was 10 minutes. The emissions were detected with a single-crystal camera (DATAMO, Picker, Cleveland, Ohio) equipped with a high-resolution collimator. For dual-isotope counting, dual-channel analyzer windows were centered at 75 (201T1) and 160 keV (1231), in which a width of 20% was used for both windows. Subsequently, the subjects were positioned in a supine position in front of the single-crystal camera (Dyna 4/15, Picker) equipped with a converging collimator, and static images in anterior, LAO 450, and LAO 750 projections were registered. The collection period was 6 minutes for each image; a 64 x 64 matrix was used. Before exercise and at maximal workload, blood samples for the determination of lactate, glucose, and free fatty acid levels were collected.
For the examinations at rest conditions 4 hours later, four images with the same camera (anterior, LAO 300, LAO 450, and LAO 750 projections) were registered to determine the residual activity (collection period was 6 minutes for each image). Subsequently, blood samples for determination of lactate, glucose, free fatty acids, and hematocrit levels were collected. After administration of 1 mCi 20`T1 and 2 mCi IPPA, a dynamic study in LAO 300 and static studies in anterior, LAO 450, and LAO 750 projections were carried out in a supine position as described above. During these examinations, precaution was taken to keep the patient in the same position so that the correction for residual activity was possible. The correction for residual activity was carried out by subtraction of corresponding scintigrams detected before and after the second indicator application.
All scintigrams were corrected for crossover effects and for background activity. For the crossover effects, correction data determined in separate measurements of standard sources were used.
For background corrections, a modified interpolative background-subtraction algorithm of Goris and colleagues'8 was used.
Patient Studies
In all patients, the cardiac medications were withheld overnight. The patients were examined solely under exercise conditions. Upright bicycle ergometry described above was terminated in case of exhaustion, typical angina with at least a 2-mm horizontal ST segment depression 60 msec after the Q wave deflection point, or tachycardia. All patients achieved at least 75% of their age-adjusted maximal heart rate. In this case, 2 mCi 201T1 and 4 mCi IPPA were administered at maximal workload. Subsequently, dynamic study in LAO 300 and static studies in anterior, LAO 450, and LAO 750 projections were carried out as described above.
Kinetic Studies
In five control subjects after intravenous bolus injection of IPPA and 20MT1, the activity distributions in the chest were registered in one projection (LAO 30°) during a period of 80 minutes at a rate of 1 frame/min. All subjects exercised in a supine position. After correcting the data obtained for crossover effects, the regions of interest were assigned to the left ventricular myocardium and to the background area (superior caval vein or aorta). The time-activity curves were generated and normalized to the number of pixels in respective regions of interest. In Vitro Determinations
For the determination of free fatty acids in serum, an in vitro enzymatic colorimetric method (NEFACkit, Wako Chemicals Neuss, FRG) was used. For the determinations of lactate and glucose, kits supplied by Boehringer Mannheim (FRG) were used.
Calculations
As described in the Appendix, the rate constant for IPPA influx in myocardial tissue (kl*) is given by = 1*.A2* flbt* dt kl* = kit* *A**f dt*(1 -H,)
In our studies, the regional distribution of the quotient A2 By subtracting the pixel-normalized background time-activity curves from the myocardial curves, the myocardial indicator-residue time-activity curves were obtained (Figure 2 ). The IPPA-residue timeactivity curve is characterized by a steep increase that is followed by a plateau phase and a period of a biphasic elimination. The half-times of the rapid and slow phases were 8.5 and 66.7 minutes, respectively. The corresponding 201fl curve shows a steep increase followed by a very slow indicator elimination phase.
For the comparison, the myocardial indicatorresidue time-activity curve was registered in a normal subject also after application of 17-121I-heptadecanoic acid (IHA) (Figure 2 ). When compared with the IPPA curve, the IHA curve is distinguished by a sharp maximum.
In Figure 3 geneous. The segmental distribution of the rate constant for IPPA influx, k1*, is shown in the right lower corner. In this particular subject, the average of the k1* values determined in 36 radial segments was 0.37/ min; the standard deviation was 0.02/min. In 15 normal subjects examined during exercise, the average kl* was 0.42-± 0.06/min ( The perfusion rates, which were registered in normal subjects who exercised at different workloads, are presented in Figure 5 as a function of the heart rate. The increase of perfusion rate during exercise is a linear function of the heart rate. The regression line was calculated as fp/fp7O= 0.20+0.0167*HR; (R2=0.93) (2) where fp is plasma flow in the subject, and fp70 is the average plasma flow rate at a heart rate 70 beats/min in normal subjects (0.44 ml/g min), f /fp70 is the relative plasma flow rate, and HR is the heart rate in beats per minute. A linear relation exists also between the flow and the applied workload ( Figure 6 ); the regression line was determined as fp/fp70 = 0.992 + 0.008724*W (R2 = 0.88) (3) where W is workload in watts.
Free Fatty Acid Influx Rate
We studied the relation between the rate constant for IPPA influx, kl*, and the free fatty acid plasma Heart rate (1/min)
Plot of relative increase of perfusion rate in normal subjects during exercise as a function of heart rate. f, is the plasma flow rate at respective workload, andfp70 is the average plasmaflow rate in normal subjects at a heart rate of 70 beatslmin. The dependence of kl* on the rate of free fatty acid supply per gram of tissue (cp * fp) is shown in Figure 9 . This figure demonstrates a close relation between these two variables. The relation could be approximated by a hyperbolic function.
We also studied the dependency of kl* on the The results obtained in a preliminary study in patients with two-vessel disease (n = 10) revealed a significant reduction of kl* in both affected areas (average, 54 + 22% of kl* observed in normal subjects at corresponding conditions). After in all patients, a reduction of the ventricular dimensions was observed accompanied with an improvement of the 201T1 accumulation and normalization of the k1* (average, 89±10% of k1* observed in normal subjects at corresponding conditions) in the supply area of the dilated artery. The normalization of the k1* distribution pattern, however, was frequently incomplete. In several patients, the improvement of k1* was observed even in the supply area of nontreated stenosed coronary artery. This indicates that in these patients the PTCA also led to reduction of the "steal effect" existing before PTCA.
Discussion Kinetic Studies
In normal subjects, the myocardial IPPA-residue time-activity curve was characterized by a steep increase of activity and a plateau phase that was followed by a two-phase elimination period ( Figure  2 ). In the plateau phase, no significant changes of IPPA tissue concentration were externally detectable even when the IPPA blood concentration was significantly decreased ( Figure IA, lower underestimates the actual uptake of the free fatty acid by the myocardium because of the release of unlabeled free fatty acid in venous effluent.
The average left ventricular kl* was found to decrease with an increasing perfusion rate ( Figure  8 ). These results agree closely with observations of Weiss and others,19 who found in experiments with isolated canine hearts that a fourfold increase of the perfusion led to a 50% reduction of fatty acid extraction. Weiss and others'9 explained this by the flow-dependent time of exposing the substrate to the myocardium (residence time).
Because our studies were carried out under exercise conditions that may lead to an increase of the arterial lactate levels, one might expect that the changes of influx rate are also influenced by the increase of lactate level in our studies. This possibility was, however, eliminated by the results demonstrated in Figure 10 , which indicate that with increasing lactate plasma concentration no significant changes of k1* are detectable. These results agree well with findings of Rose and others,20 who showed that lactate acts as an allosteric inhibitor of longchain fatty acyl thiokinase, whereas it does not inhibit the sarcolemmal transport of palmitate. Fox and others2' found that under ischemic conditions, under which the intracellular lactate and free fatty acid levels are high, the efflux of "C-labeled palmitate in the first 3 minutes after indicator application increases from 5% at normal conditions to 15% of initially sequestered "C-labeled palmitate at ischemia. Thus, the reduction of free fatty acid utilization observed at high lactate plasma levels is probably a consequence of increased free fatty acid efflux and not due to decreased free fatty acid influx. Because in our method the influx and not the efflux is assessed, it is evident that the effects of lactate on net sequestration of free fatty acid observed by detection of arterial minus coronary sinus differences cannot be detected with this method.
At a constant flow rate, kl* was reduced with increased levels of free fatty acid plasma concentration ( Figure 7) . The increase offree fatty acid plasma concentration from 200 to 1,200 nmol/ml led to decrease of kl* from 0.78 to 0.4/min. These results indicate that the fatty acid uptake follows with increasing free fatty acid plasma concentrations the saturation kinetics (criterion of facilitated transport).
The literature dealing with the mechanism of the myocardial uptake of nonesterified fatty acid is controversial. Some authors describe it as a passive, diffusional process.2223 On the other hand, experimental evidence has accumulated that suggests that the uptake of fatty acid involves membrane-associated carrier-mediated transport 
rabbit antibody to the rat plasma membrane fatty acid-binding protein inhibits fatty acid influx in a dose-related manner, and Nunn and others27 showed that the bacterial mutants deficient in the gene coding for the carrier do not take up long-chain fatty acids. Therefore, by interpretation of our data we assumed that the influx of fatty acid in myocardial tissue is not a simple diffusion process but mainly a carrierfacilitated process.
To relate our data to the variables characterizing the carrier-facilitated process (maximal transport velocity, Vmax, and Michaelis-Menten constant, KM), it was necessary to repeat the IPPA examination in each patient at two different metabolic conditions and to consider that carrier-facilitated process is an enzymatic reaction.
Because Fox and others2' demonstrated the efflux of nonmetabolized fatty acid from myocardial tissue, the postulated carrier-facilitated process has to be expected to be a reversible one. This type of transport is comparable with a reversible, unimolecular enzyme-catalyzed reaction28-30 of the type: We assumed that, similar to glucose, the transport of free fatty acid is symmetrical. Under these conditions, the rate constant for the forward reaction, kl, is an example of a unimolecular enzyme-catalyzed reaction described by28-30: Vma KM+S1+S2 (5) where KM and Vm,, are the Michaelis-Menten constant and maximal reaction velocity, respectively. The transport of free fatty acid from flowing plasma into myocardial tissue is performed by a membranebound (immobilized) carrier. This is a reaction in which the substrate is not homogeneously mixed with an enzyme (carrier). Therefore, neither the input (arterial) nor the output (venous) free fatty acid concentrations can be considered as effective concentrations determining locally the rate of free fatty acid transport (S,). As explained in the Appendix, the best estimate for the free fatty acid plasma concentration that is locally determinant for the transport rate, S1, represents the amount (a,, nmol/g) of fatty acid that is supplied to a gram of myocardial tissue in a unit of time. Thus, the rate constant for fatty acid influx into myocardial tissue, kl, is described by (6) Figure 15 , the values of 1/kl4 observed in this study are plotted as a function of ap. We also determined kl* in patients suffering from coronary artery disease. The results obtained suggest that the free fatty acid extraction is reduced in poststenotic segments. As can be seen in Figure 11 in poststenotic segments, k,* is reduced to 63% of the value in nonaffected segments (the average value observed in poststenotic segments was 57 + 18% of the value in nonaffected segments). In nonaffected areas, the extraction of IPPA corresponded to values observed in normal subjects examined under the comparable conditions. The reduction of kl* in ischemic segments reflects, at least to some extent, the reduction of free fatty acid utilization caused by an increase of cytoplasmic fatty acid concentration due to decrease in /3-oxidation. According to Schelbert33 and Schelbert and others,34 who showed an increased uptake of 2-fluoro-deoxyglucose by ischemic myocardium, this reduction of fatty acid utilization is compensated by an increase of glucose utilization. Even if the animal studies of van der Vusse and others32 indicate that the ischemia may lead to about a threefold increase of free fatty acid concentration in cytoplasm (c2) (normal c2 was 32 nmol/g; under ischemic conditions, a value of l 1 1 nmol/g was detected), it can be demonstrated that these changes of c2 alone cannot account for the changes of k,* observed in this study in ischemic areas. Therefore, the possibility should be considered that the reduction of k, * in ischemic areas is due to the changes of KM* and Vmax* As can be seen in Figures 11 and 13 In preinfarction and postinfarction studies (Figures 13 and 14) , it could be demonstrated that the extension of the 20'T1 defects registered after infarction corresponded closely with the size of the areas of reduced kl* detected before the event. This observation suggests that the areas of reduced k,* might reflect the extension of jeopardized myocardium, whereas 20`T1 scintigraphy tends to underestimate it.
The results obtained in patients examined before and after revascularization indicate that in the k,4 distribution pattern the residual defects are still detectable even if after revascularization the normalization of perfusion and improvement in fatty acid influx rate are observed.
In a preliminary study, we observed in patients with two-vessel disease (LAD and RCA stenosis) after PTCA of LAD the improvement of perfusion and fatty acid extraction even in areas supplied by RCA. Thus, it is suggested that PTCA of the LAD may result in an improvement of the blood flow even within the area supplied by the nontreated coronary artery. In two-vessel disease (LAD and RCA), this potential reaction may be due to the fact that the RCA provides the collateral flow to the poststenotic segments.
These data indicate that l) in poststenotic segments, free fatty acid extraction is significantly reduced; 2) the extension of free fatty acid extraction defects may be significantly larger than '01Tl defects; and 3) the revascularization leads to normalization of regional free fatty acid extraction.
We expect that in the future the method developed might provide a powerful tool for clinical use and open new insights into the biochemistry of myocardial disease. Appendix In this section, the model describing myocardial IPPA uptake is developed.
In in vitro experiments in which the myocardial cells are dispersed in the medium with the homogeneously distributed free fatty acids, the influx rate of radioactively labeled free fatty acid into the cell (vi*) was found to be proportional to the radioactively labeled free fatty acid concentration in the solution (ceff ): v-const,l ceff (9) Under in vivo conditions, the albumin-bound fatty acids are transported to the heart in blood plasma. Because of the extraction of free fatty acid by the myocardial tissue, the distribution of free fatty acid concentration in the capillary cross section is not homogeneous. It has a maximum in the middle of the capillary and a minimum at the capillary wall. Moreover, the average free fatty acid concentration in a capillary cross section decreases from the arterial to the venous side of the capillary. Thus, neither the arterial nor the venous radioactively labeled free fatty acid concentrations can be used for the calculations of vi*.
On the other hand, the in vivo measurements indicate that at a constant plasma flow rate (fp, ml/min g) the amount of radioactively labeled free fatty acid sequestered in the heart tissue (c2*, dpm/g) is proportional to the radioactively labeled free fatty acid plasma concentration (cp*, dpm/ml), and at a constant cp* the amount of radioactively labeled free fatty acid sequestered in myocardium is proportional to fp. 14, 15, 19 This suggests that under in vivo conditions, the vi* is proportional to the product of fp and cp*: vi* =const2 * cp* * fp (10) By comparing Equations 9 and 10, it appears that ceff* = const * c * ffp, where const is the proportionality factor having dimension min. That is, the average effective local radioactively labeled free fatty acid concentration (ceff*) determining the transport process is proportional to the amount (ap*, dpm/g) of radioactively labeled free fatty acid supplied to a gram of tissue in a unit of time (ap**=u * fp * cp*, where u is the unit of time). Therefore, when the transport of radioactively labeled free fatty acid from the plasma into the myocardial tissue is to be modeled, neither the arterial nor the venous radioactively labeled free fatty acid concentration but rather ap* has to be taken into consideration. (13) where the kit*, c21*(t), and cpt*(t) are the rate constants for 20 (14) In this relation, in which the flow component is eliminated, the ratiof'cp* dt/fOcpt* dt is identical for all segments of the ventricular wall and can be determined from the amount of IPPA (f o0b* dt) and of 201T1 (OIbt* dt) registered in a region of interest selected over a blood region in IPPA and 201`T integral images obtained in the first 10 minutes after indicator application as follows: (15) (16) The ratio c2*/c21* in Equation 14 is proportional to the ratio of the amount of IPPA (A2*) and 201T1 (A2t*) detected in IPPA and 201'1 images corrected for the background and crossover effects in a region of interest assigned to myocardium, that is, A2*/A2,* = A3* c2*/ c2t*, where A is the ratio of tissue absorption coefficients for 1231 (17) At normal (rest) and low flow rates (ischemic regions), the myocardial uptake of 20`T1 is linearly related to regional myocardial blood flow35-37; that tThe value of A2*/A2t* would be slightly higher than the ratio c2*/c21* because it is contaminated by the activity in the blood of the myocardium. However, 10 minutes after indicator adminiistration when the registration of static images begins, the concentration of IPPA in blood is much lower than that in myocardium (in animal experiments, a factor of 5 was observed). The blood volume in myocardium amounts to about 20%. Thus, the error that is due to this contamination can be expected to be lower than 4%. Because this value is in the range of experimental error, it was neglected. is, the extraction fraction of 201T1 (EFt*) is constant. According to Weich and (21) where Tle* and Tlr* are the count rates registered in region of interest myocardium and Ite* and Itr* are the count rates registered in region of interest blood in exercise and rest 201T1 scintigrams, respectively.
The increase of perfusion rate in normal myocardium was shown to be a linear function of the heart rate. 39 Therefore, for flow rates at rest, the following relation was considered to be valid in normal myocardium: fpr,fp7o = HRr/70 (22) where HRr is the heart rate at rest, and f470 is the plasma flow in normal myocardium at a heart rate of 70 beats/min. After 
